Lysyl oxidase-like 2 (LOXL2) is involved in a wide range of physiological and pathological processes, including fibrosis and tumor progression, implicating intracellular and extracellular functions. To explore the specific in vivo role of LOXL2 in physiological and tumor contexts, we generated conditional gain-and loss-offunction mouse models. Germ-line deletion of Loxl2 promotes lethality in half of newborn mice mainly associated to congenital heart defects, while Loxl2 overexpression triggers male sterility due to epididymal dysfunction caused by epithelial disorganization, fibrosis and acute inflammation. Remarkably, when challenged to chemical skin carcinogenesis, Loxl2-overexpressing mice increased tumor burden and malignant progression, while Loxl2-deficient mice exhibit the opposite phenotypes. Loxl2 levels in premalignant tumors negatively correlate with expression of epidermal differentiation markers and components of the Notch1 pathway. We show that LOXL2 is a direct repressor of NOTCH1. Additionally, we identify an exclusive expression pattern between LOXL2 and members of the canonical NOTCH1 pathway in human HNSCC. Our data identify for the first time novel LOXL2 roles in tissue homeostasis and support it as a target for SCC therapy.
Introduction
Lysyl oxidase-like 2 (LOXL2) belongs to the lysyl oxidase (LOX) family that includes five closely related proteins . LOX enzymes are secreted to the extacracellular matrix (ECM) where they participate in the proper modification of ECM components essential to the biogenesis of the connective tissues (Csiszar, 2001; Kagan & Li, 2003; Lucero & Kagan, 2006; Kim et al, 2011) . All members of the family present a highly conserved C-terminus region containing the catalytic domain and a more divergent N-terminal part potentially responsible for their specific functions . Apart from the extracellular role of some LOX enzymes in the maturation of the ECM, recent studies have suggested novel functions for these proteins in a wide spectrum of biological processes. In particular, LOXL2 has been involved in gene transcription, cell motility/migration and adhesion, angiogenesis and differentiation, demonstrating their ability to affect both extra and intracellular cell functions (Peinado et al, 2005; Payne et al, 2007; Fujimoto & Tajima, 2009; Hollosi et al, 2009; Peng et al, 2009; Barker et al, 2011; Bignon et al, 2011; Moreno-Bueno et al, 2011; Cano et al, 2012; Herranz et al, 2012; Millanes-Romero et al, 2013) . Regarding LOXL2 intracellular actions, we previously described its participation in epithelial-mesenchymal transition (EMT), a key event for tumor invasion and metastasis, by repressing E-cadherin in a Snail1-dependent manner (Peinado et al, 2005) , and recently described that LOXL2 catalytic activity is dispensable for EMT induction (Cuevas et al, 2014) . The role of LOXL2 in several human cancers has been increasingly described (Cano et al, 2012) . In this pathological context, our previous studies in large series of human tumor samples demonstrated that intracellular localization of LOXL2 and its overexpression are associated to poor prognosis in laryngeal SCC (squamous cell carcinoma) (Peinado et al, 2008) and to distant metastasis in basal-like breast carcinomas (Moreno-Bueno et al, 2011) . Moreover, mechanistic studies in human cancer cell lines revealed the implication of intracellular LOXL2 in EMT, invasion and metastasis through regulation of cell polarity and differentiation programs, dependent and independent of Snail1 (Peinado et al, 2008; Moreno-Bueno et al, 2011) . Other groups have also suggested the involvement of extracellular LOXL2 in metastasis of breast and other tumor types (Barry-Hamilton et al, 2010; Barker et al, 2011; Wong et al, 2014) . Additionally, different members of the LOX family, highlighting LOX and LOXL2, have been involved in pre-metastatic niche formation (Erler et al, 2009; Wong et al, 2011 Wong et al, , 2014 Canesin et al, 2015) , an event presently considered essential for tumor cell homing and micrometastasis (Psaila & Lyden, 2009) . Despite the increasing evidence supporting multiple LOXL2 roles in tumorigenesis and metastasis, the mechanistic bases of these pathological functions and their relevance for future therapeutic interventions have not been fully established. Moreover, in vivo data concerning LOXL2 involvement in tissue homeostasis, the downstream effectors and its potential redundant action with other LOX members remain elusive.
In the current study, we have generated for the first time conditional genetic mouse models lacking and overexpressing Loxl2 to deepen into the in vivo biological implication of LOXL2 in both physiological and tumor prone contexts. Constitutive abrogation of Loxl2 results in perinatal lethality with incomplete penetrance associated, in one-third of the cases, to congenital heart defects and/or distension of the hepatic blood vessels. On the other hand, males overexpressing Loxl2 are sterile due to testicular degeneration and epididymal dysfunction caused by altered epithelial organization, increased fibrosis and acute inflammation. Moreover, phenotypic analysis of both mouse models subjected to the two-step skin carcinogenesis protocol, as a model system of human head and neck squamous cell carcinoma (HNSCC) (Yuspa, 1994) , uncovers a key role for Loxl2 during tumor initiation and progression. Thus, Loxl2 deficiency significantly decreases the size of skin lesions and their malignant progression, while Loxl2 overexpression markedly diminishes latency and increases tumor burden and malignancy. Mechanistic studies indicate that Loxl2 negatively regulates epidermal differentiation and the Notch1 signaling pathway in premalignant lesions. Remarkably, LOXL2 binds to, at least, two different regions of NOTCH1 promoter, reducing the methylation status of H3K4me3 and RNA polymerase II recruitment, therefore repressing NOTCH1 transcription. Finally, the relevance of the negative regulation of NOTCH1 by LOXL2 in human tumors is shown by the exclusive expression pattern between LOXL2 and components of the NOTCH1 pathway in large cohorts of human HNSCC and cervical SCC. The present data highlight the critical role of LOXL2 in homeostasis of specific tissues and strengthen the potential value of LOXL2 as a druggable target for novel therapeutic interventions in SCC, where the in vivo Loxl2 models presented here can provide valuable preclinical models.
Results

Generation of transgenic mice
Constitutive KO (L2 À/À ) and overexpressing (R26
L2/L2
) mice for Loxl2 were generated by gene-targeting techniques as described in Materials and Methods and Fig 1. Briefly, we placed the endogenous loci of Loxl2 or ROSA26 genes in specific plasmid constructions based on the Cre/loxP system which, ultimately, after CMV-Cre-mediated recombination gave rise to generalized deletion or overexpression of Loxl2, respectively (Fig 1A and B) . Homologous recombination was confirmed by diagnostic PCR in embryonic stem cell positive clones and chimeric founders (Fig 1C and D) . Germ-line Loxl2 KO and overexpressing animals were generated by intercrossing heterozygous mice. Fluorescence imaging as well as RNA and Western blot analysis confirmed targeted Loxl2 expression (Fig 1E-G) . Considering that the two genetically engineered Loxl2 mouse strains have different genetic backgrounds, all the experiments presented hereafter were performed with littermate controls for each model.
Deletion of Loxl2 provokes perinatal lethality
Deleted Loxl2 mutants were viable and fertile, but analysis of the offspring (n = 253) at weaning revealed that L2 À/À mice were present at twofold lower frequency than expected from a Mendelian ratio in each of the two conditional KO established lines (Fig 2A, and data not shown). Since normal numbers of L2 À/À embryos were observed at mid-gestation (E13.5) (Fig 2A) , we decided to proceed with perinatal analysis. At P1, some L2 À/À neonates were grossly affected with a cyanotic appearance dying in a few hours. Histopathological examination of serial sections from healthy and dead L2
À/À neonates showed that two out of eight dead L2 À/À mice displayed disrupted ventricular septa formation (Fig 2B, left) . This alteration was accompanied by a distension of the hepatic blood vessels in one of the cases (Fig 2B, right) , a defect also found in one additional dead L2 À/À mouse. Thus, almost 40% (three out eight) of dead L2 À/À neonates presented dramatic alterations in the heart and/or liver tissue homeostasis, likely responsible for their death. In agreement with the heart phenotype, high expression levels of Loxl2 were found in heart and lung, and at lesser extent in kidney and liver ( Fig 2C) . No major differences in the expression of other LOX members (Lox, Loxl1 and Loxl3) were detected in different tissues between L2 À/À and control mice except for Loxl3 downregulation in heart (Fig 2C) , discarding main compensatory mechanisms. Analysis of EMT factors and Lox-related pathways revealed increased E-cadherin levels in lung and liver and significantly decreased Snail2, FAK and Src (and P-Src) levels, mainly in heart extracts from L2 À/À mice ( Fig 2C) . Considering that some of these molecules have been critically implicated in cardiac morphogenesis, particularly the FAK/Src signaling pathway (Peng et al, 2008) and the reported LOXL2 modulation of FAK in other contexts (Peng et al, 2009; Moreno-Bueno et al, 2011; Barker et al, 2013) , these findings support the heart defects detected in the absence of Loxl2.
Loxl2 overexpression results in male sterility
Regarding constitutive Loxl2 overexpression mutants, male and female R26 L2/L2 mice were born according to the expected Mendelian ratio and survived without showing any gross histological abnormality (data not shown). However, 90% of the R26 L2/L2 males were sterile. Histological examination of reproductive organs of R26 L2/L2 males showed epididymis hypertrophy and testicular degeneration, affecting more than 60% of the tissue, as early as 3 months after birth (Fig 3A and B, upper) ; analysis at latter points revealed a dramatic reduction of spermatozoa content in the epididymis lumen (Fig 3B, bottom) . Additionally, a clear disorganization of seminiferous tubules with reduced proliferation index and
The EMBO Journal ª 2015 The Authors 1,500 lm (heart), 100 lm (liver). C Western blot analysis of Lox members, EMT markers and Src/FAK pathway in the indicated tissues derived from a pool of two P1 neonates of each Loxl2 genotype.
H, heart; Lu, lung; K, kidney and L, liver. Molecular mass of each marker is shown on the right. Notice that the 4 right lanes corresponding to Lox and Loxl3 markers were rotated 180°C from the original blots because of a mistake in the loading order of kidney and liver samples. Original blots for Lox, Loxl1, Loxl2 and Loxl3 detection are shown in the source data for this figure.
Source data are available online for this figure.
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The EMBO Journal LOXL2 regulates SCC fitness and tissue homeostasis Alberto Martin et al (Fig 3D-F) . Concerning the fibrotic phenotype, large fibronectin, elastin and collagen deposits were found in the stromal epididymal component of R26 L2/L2 mice that also showed a denser ECM than controls, as revealed by immunofluorescence and picrosirius red staining (Fig 3D) . Moreover, the acute inflammatory response detected in the surrounding connective tissue and epithelial component of the R26 L2/L2 epididymal tubules ( Fig 3E) was confirmed in terms of both recruitment of specific immune cell populations and increased inflammatory cytokine expression compared to controls (Fig 3E and F) . Regarding the epithelial component of epididymis, atrophic flattened cells as well as regions with squamous cell metaplasia were observed in R26 L2/L2 mice ( Fig 4A a and b) . Further, increased proliferating epithelial and stromal cells were present in Loxl2-overexpressing epididymis ( Fig 4A c and d) , which, interestingly, correlate with the augmented levels of Loxl2 found in both tissue compartments compared to paired controls ( Fig 4A e-h ).
Epididymis is a pseudo-stratified epithelium composed of principal and basal cells lying on a basement membrane. This structure is mainly preserved by apical tight junctions, including ZO and claudin proteins, and adherent junctions (Gregory et al, 2001; Cyr et al, 2007; Dube et al, 2007) . Since LOXL2 is involved in the downregulation of different components of the intercellular junction machinery such as E-cadherin and claudin-1 (Peinado et al, 2005; MorenoBueno et al, 2011) , we decided to explore the status of both players in epididymis. Analysis of claudin-1 and E-cadherin levels in epididymal tissue from R26 L2/L2 males revealed a conspicuous fall of their expression compared to control mice, which increased dramatically with age ( Fig 4B) . Strikingly, claudin-1 and E-cadherin decrease was concentrated to basal cells of R26 L2/L2 epididymis (Fig 4C) , in tight agreement with Loxl2 cellular localization in this specific cell compartment ( Fig 4A g and h) .
Collectively, these results suggest that epithelial disorganization and altered epithelial-stromal cross talk in the epididymis promoted by Loxl2 overexpression are responsible for aberrant seminiferous tubules, spermatocele formation and, ultimately, compromised fertility.
Loxl2 is required for skin tumor progression LOXL2 has been proposed as a prognostic marker in larynx SCC (Peinado et al, 2008) , one of the most frequently diagnosed tumors worldwide. To study the effect of Loxl2 abrogation and overexpression on SCC tumor formation and progression, we took advantage of the well-established two-stage mouse skin carcinogenesis as a model system of the evolution of HNSCC, sharing similar molecular alterations and response to TGFb1 during malignant progression (Yuspa, 1994; Glick, 2012) . Whereas control (L2 +/+ ) and KO (L2 À/À ) mice started to develop lesions after 8 weeks of initiating DMBA application (Fig 5A) , the onset of lesion formation was markedly accelerated in Loxl2-overexpressing mice (R26
L2/L2
) in which the first lesions appeared just 5 weeks post-DMBA application ( Fig 5B) . Another striking difference concerned the increased number of lesions observed in R26 L2/L2 animals compared to their control mice (R26
). In particular, at week 20, the number of lesions in R26 L2/L2 mice almost doubled those of control mice with an average of 36 lesions/mouse compared to controls with an average of 22 lesions/mouse (Fig 5C, Supplementary Figs S1 and S2) . Noticeably, the opposite phenotype was observed in Loxl2 KO mice that showed a reduction of tumor burden during most of the carcinogenesis protocol in comparison with wild-type controls (Fig 5D, Supplementary Figs S1 and S2) . Moreover, an important fraction of the neoplastic lesions developed in the absence of Loxl2 were significantly smaller than those expressing normal Loxl2 levels. Thus, at the end of the experiment (week 28), 50% of neoplasias in L2 +/+ mice reached more than 6 mm in size while this percentage fell to 25% in L2 À/À counterparts where in fact most of the lesions remained smaller than 4 mm (Fig 5D, Supplementary Figs S1 and S2) . Histopathological analyses revealed that the vast majority of the lesions from all genotypes were papillomas. However, 7.7% (seven out of 90) of lesions in L2 +/+ mice progressed to SCC, and, importantly, a threefold decrease in SCC incidence (2.8%; two out of 72) was observed in L2 À/À mice ( Fig 6A) . Noticeably, the opposite A Macroscopic view of testis and epididymis from R26 +/+ and R26 L2/L2 mice (top) and H&E image of whole testis from both groups of animals showing testicular degeneration in the overexpressing mice (bottom). T: testis, E: epididymis. Scale bar in lower panels: 1,000 lm. B H&E from paraffin-embedded tissues of testis (upper panels) and epididymis (lower panels) from R26 +/+ and R26 L2/L2 mice showing testicular degeneration (a, b), spermatocele formation (asterisk) (c, d), abnormal epididymal architecture (e, f) and complete absence of spermatozoa in testis (g, h) from R26 L2/L2 mice of 4 months of age in comparison with their respective controls. Scale bars: 250 lm (a-f) and 50 lm (g, h). C Immunohistochemical analysis of testis derived from 3-month-old mutant and control animals for Ki67, WT1 and androgen receptor (AR) markers to evaluate proliferation, Sertoli and Leydig cell populations, respectively. Affected and non-affected testis region from R26 L2/L2 mice (middle and right panels) compared to control R26 +/+ testis (left panels) are shown. Scale bar: 250 lm.
D Picrosirius red staining images of epididymis from control and R26 L2/L2 mice of 3 months of age under polarized light (a, b). Confocal immunofluorescence images for collagen I (Col I) (c, d), elastin (e, f) and fibronectin (FN) (g, h) in OCT sections of epididymis from 3-month-old control R26 +/+ and R26 L2/L2 mice. Scale bars: 250 lm (a, b) and 100 lm (c-h). E Immunohistochemical analysis for inflammatory cell markers CD3e (T-lymphocytes) (top) and F4/80 (macrophages) (bottom) in epididymis from R26 +/+ and R26
mice of 3 months of age. Scale bars: 100 lm. Inserts show a 2.5-fold amplified region. F Quantitative RT-PCR of S100A8, S100A9, TNFa, IL1b and IL6 cytokine expression in epididymis from R26 +/+ (white) and R26 L2/L2 (gray) mice. *P < 0.05; ***P < 0.001 (Student's t-test; unpaired, 2-tailed). Error bars represent standard error.
Data information: All the immunohistochemical and immunofluorescence images are representative of at least four animals per genotype. In the case of RT-PCR analysis, samples from three R26 +/+ and three R26 L2/L2 mice were analyzed.
◀
The EMBO Journal LOXL2 regulates SCC fitness and tissue homeostasis Alberto Martin et al phenotype was detected in R26 L2/L2 mice showing a 4% incidence (four out of 100) of SCC contrasting with a complete absence of SCC in their control mice ( Fig 6A) . The different behavior in terms of tumor progression between the two cohorts of control mice used in the carcinogenesis experiments reflects the strong sensitivity dependence on the genetic background, as consistently reported Arrows in (g, h) indicate Loxl2 expression in basal cells. Scale bars: 50 lm (a, b), 100 lm (c, d), 250 lm (e, f) and 25 lm (g, h). B Western blot analysis of Loxl2, E-cadherin (E-cad) and claudin-1 (Cdn-1) protein levels in epididymal extracts from mice of the indicated Loxl2 genotypes and age.
Two independent experiments with 2 different animals per genotype and age were performed. C Immunofluorescence analysis of E-cadherin and claudin-1 in OCT sections from epididymis of control and 3-month-old R26 L2/L2 mice. Merged images are shown in the bottom panels. Scale bar: 10 lm. The EMBO Journal ª 2015 The Authors
The EMBO Journal LOXL2 regulates SCC fitness and tissue homeostasis Alberto Martin et al the latter case (Fig 6B , middle left and right panels). In the same way, higher amounts of Loxl2 were observed in SCC derived from R26 L2/L2 mice compared to those appearing in control mice (Fig 6B, bottom left and right panels). Noteworthy, Loxl2 expression was mainly confined to the intracellular compartment in papillomas and particularly SCC, thus corroborating our previous observations that linked augmented intracellular LOXL2 to human HNSCC malignancy (Peinado et al, 2008) . The complete absence of Loxl2 protein in papillomas and SCC developed by L2 À/À mice was also confirmed (Fig 6B, central middle and bottom panels) . In sum, all these results support a relevant role of Loxl2 in both the initiation and malignant progression of skin tumors.
Loxl2 inhibits epidermal differentiation
LOXL2 has been previously proposed as a negative regulator of keratinocyte differentiation (Peinado et al, 2008; Lugassy et al, 2012) . To deepen into this Loxl2 function in in vivo contexts and its potential contribution to the carcinogenic behavior, the expression of a panel of epidermal differentiation genes was evaluated in papillomas from the two genetically modified Loxl2 mouse models compared to their littermate controls. Reduced malignant progression of papillomas derived from L2 À/À mice correlated with increased differentiation, as assessed by upregulated expression of early and late differentiation markers such as K1, loricrin and involucrin (Fig 7A) . Importantly, Lox expression levels prominently increased in the absence of Loxl2 (Fig 7A) , supporting a reciprocal regulation mechanism in this tumor context, similar to that proposed in normal epidermis (Fujimoto & Tajima, 2009) . Regarding other Lox members, Loxl3 was also upregulated while Loxl1 and Loxl4 remained unaltered in the absence of Loxl2 (Supplementary Fig S3A) . As expected, the opposite behavior was found in R26 L2/L2 papillomas showing significant downregulation of involucrin and Lox and a more modest reduction in loricrin and K1 (Fig 7B) . Additionally, Loxl3 and Loxl4 mRNA levels were markedly decreased in papillomas from Loxl2-overexpressing mice, strengthening the transcriptional connection between these four Lox members ( Fig 7B and Supplementary Fig S3B) . Together, these analyses support that Loxl2 promotes a dedifferentiation status in premalignant skin A Quantitative RT-PCR analysis of epidermal differentiation markers (keratin-1, loricrin, involucrin and Lox) and Notch1 pathway-related genes (Notch1, Hes1, Hey1 and Jagged1) in papillomas from control and L2 À/À mice.
B The same quantitative RT-PCR analysis as in (A) was carried out in papillomas from control and R26 L2/L2 mice.
C Representative immunofluorescence staining for Hes1 (left panels) and Jagged1 (right panels) in papillomas of the indicated Loxl2 genotypes. Sixteen lesions from four different mice of each genotype were examined. Scale bars: 250 lm. Inserts in central panels show representative threefold amplified regions. D Quantitative RT-PCR (top) and Western blot analysis (bottom) of differentiation markers and Notch1-related genes in control (HaCa4-Ctr) and Loxl2-interfered (HaCa4-shLoxl2) HaCa4 cells. Detection of Loxl2 levels is shown as a control of the knockdown efficiency. Two experimental replicates were carried out. E Quantitative RT-PCR analyses of S100A8 and S100A9 expression in papillomas from L2 À/À (left) and R26 L2/L2 mice (right) compared to their respective controls.
Data information: For qRT-PCR analyses (A, B and E), four pools of at least three papillomas per pool were used for each of the Loxl2 genotypes. *P < 0.05; **0.001 < P < 0.005; ***P < 0.001 (Student's t-test; unpaired, 2-tailed). Error bars represent standard error.
The EMBO Journal LOXL2 regulates SCC fitness and tissue homeostasis Alberto Martin et al lesions that likely favors their malignant progression. Importantly, a similar but less marked behavior in terms of differentiation has been observed in normal skin. In fact, IF staining indicated altered terminal differentiation layers, although no major changes were observed in the overall skin architecture of L2 À/À and R26 L2/L2 mice compared to controls ( Supplementary Fig S4A) . Parallel in vitro studies with mutant and control primary keratinocytes from both Loxl2 mouse models revealed that protein levels of loricrin, suprabasal cytokeratins and prototypic Lox inversely correlated with Loxl2 levels ( Supplementary  Fig S4B) , despite of which no major alterations in Ca
2+
-induced differentiation and cell adhesion to a Collagen IV matrix (Supplementary Fig  S4C) were detected. Collectively, these data argue in favor of a relevant role of Loxl2 in the negative regulation of terminal differentiation in normal epidermis and much more prominently in premalignant skin lesions.
Loxl2 negatively regulates the Notch1 pathway in skin tumors
The critical implication of the Notch1 signaling pathway in epidermal homeostasis promoting differentiation and tumor suppression in non-melanoma skin cancer has been previously established (Lefort & Dotto, 2004; Watt et al, 2008; Panelos & Massi, 2009; Guinea-Viniegra et al, 2012; Brooks et al, 2014) . Therefore, we were prompted to investigate whether Loxl2 might be influencing the Notch1 pathway during mouse skin tumor progression. To this end, we analyzed the differentiation-inducing Notch1 signaling pathway in papillomas derived from both L2 À/À and R26 L2/L2 mice compared to their corresponding controls. When Loxl2 was deleted, papillomas exhibited increased Notch1 mRNA levels compared to controls, together with a concomitant induction of the canonical Notch1 target genes Hey1 and Hes1, as well as a consistent increase in the expression of Jagged1 (JAG1), one of the Notch ligands (Fig 7A) . Confirming these data, immunofluorescence analysis revealed a strong upregulation of Hes1 and Jagged1 proteins in L2 À/À papillomas compared to controls (Fig 7C, upper and middle panels) . Importantly, analysis of the Notch1 pathway in papillomas derived from overexpressing R26 L2/L2 mice revealed a different scenario:
Notch1 and Hes1 expression levels were altered, being downregulated compared to controls (Fig 7B) , although to a lesser degree than in L2 À/À tumors. These later data suggest that although normal levels of Loxl2 are sufficient to maintain a basal Notch1 signaling activity, the pathway can be negatively modulated by increased Loxl2 levels. In fact, immunofluorescence analyses ( Fig 7C and Supplementary Fig S5) indicated that expression of Hes1 protein was dramatically reduced in papillomas from overexpressing Loxl2 mice (Fig 7C, bottom left panel) validating the mRNA data. Despite the observed alterations in the Notch1 signaling pathways, no substantial changes occurred in p53 at both mRNA and protein levels ( Supplementary Fig S6) , critically involved in the induction of Notch1 transcription in skin (Lefort et al, 2007; Yugawa et al, 2007; Kolev et al, 2008; Guinea-Viniegra et al, 2012) . However, when p21 expression was analyzed as a read out of p53 activity, we found that increased amounts of Loxl2 diminished p21 at both mRNA and protein levels ( Supplementary Fig S6) . The functional consequences of altering Loxl2 expression levels on the Notch1 signaling pathway were further assessed in mouse squamous cell carcinoma HaCa4 cells where we previously reported the induction of a differentiated phenotype and suppression of invasion and tumorigenicity by Loxl2 silencing (Peinado et al, 2005 (Peinado et al, , 2008 . HaCa4 cells were lentivirally infected with a shRNA for Loxl2 that interferes with its protein expression by more than 80% (Fig 7D,  lower panel) . Real-time RT-PCR and immunoblot analysis revealed that Loxl2 silencing in HaCa4 cells induces a dramatic upregulation of different Notch1-related players as well as differentiation genes (Fig 7D) .
In addition to the above-described alterations, Loxl2 levels affect the inflammatory component of papillomas. Thus, inflammation was increased in R26 L2/L2 while decreased in L2 À/À lesions compared to their respective controls ( Supplementary Fig S7) . In agreement with this, striking alterations in expression of inflammatory cytokines S100A9 and/or S100A8 were detected in papilloma lesions. Papillomas from L2 À/À mice displayed strong downregulation of S100A8
and S100A9 transcripts, while R26 L2/L2 lesions exhibited increased S100A8 mRNA levels compared to their wild-type controls (Fig 7E) . These data are in agreement with the downregulation of inflammation by Notch1 in skin (Dumortier et al, 2010) and further link Loxl2 to downregulation of the Notch1 pathway in skin carcinogenesis.
Loxl2 binds to NOTCH1 promoter increasing H3K4me3 deamination and impairing RNA polymerase II recruitment
To get mechanistic insights into the Loxl2-mediated regulation of the Notch1 pathway, the potential of Loxl2 to mediate transcriptional regulation of Notch1 was investigated. To this end, the response to LOXL2 of two different fragments of the human NOTCH1 promoter differing in their 5 0 end length and p53 binding elements (Lambertini et al, 2010) was analyzed. The activity of both promoter constructs, even in the case of the short one (-392pGL4) devoid of p53 binding elements (Lambertini et al, 2010) , was repressed by LOXL2 in a dose-dependent manner (Fig 8A, left and central panels). This repressor activity seems to be LOXL2 specific since other members of the family, such as LOX and LOXL3, whose in vivo expression levels inversely correlated to Loxl2 status, did not cause any effects on the full-length promoter activity (Fig 8A right  panel) . Furthermore, chromatin immunoprecipitation (ChIP) assays showed the binding of LOXL2 to the endogenous NOTCH1 promoter. LOXL2 interacts with the NOTCH1 promoter in a distal region that contains an E-box element, as well as in a proximal region lacking E-boxes and p53 binding regions but containing binding sites for the repressors KLF4 and Sp3 (Lambertini et al, 2010) (Fig 8B) . These data indicate that LOXL2 also recognizes and binds to the NOTCH1 promoter independently of E-boxes, in contrast to its action on the E-cadherin (CDH1) promoter (Fig 8B) (Cuevas et al, 2014) . In this regard, it has been shown that the transcriptional repressors KLF4 and Sp3 can modulate NOTCH1 expression through their binding to DNA sequences preferentially located in the minimal functional region of the NOTCH1 promoter (Lambertini et al, 2010) . Additionally, our group has previously reported a repression mechanism of E-cadherin where LOXL2 collaborates with different transcription factors, such as Snail1 and E47, that could play a role as intermediate proteins for LOXL2 binding to the E-boxes of CDH1 promoter (Peinado et al, 2005; Canesin et al, 2015; Cuevas et al, 2014 Fig  S8A and B) . No synergistic effect between LOXL2 and Sp3 (Supplementary Fig S8C) on the activity of the shortest variant of NOTCH1 promoter was also observed. However, combined expression of LOXL2 and KLF4 resulted in a significant increase, up to 63%, in the repression activity (Fig 8C, left panel) , suggesting that KLF4 might facilitate the binding of LOXL2 to the proximal NOTCH1 promoter to repress gene transcription. This notion was further reinforced by co-immunoprecipitation experiments that suggested an in vivo interaction between LOXL2 and KLF4 ( Fig 8C, right panel) . We next asked whether LOXL2 downregulation of NOTCH1 gene transcription could also be caused through counteraction of the p53 upregulatory effect on NOTCH1 expression. To this end, we analyzed in mouse immortalized MCAD3 and human HaCaT keratinocyte cell lines the activity of the NOTCH1 reporter (À2472pGL4) in the presence of p53 and LOXL2. Thus, while increased p53 levels caused augmented NOTCH1 reporter activity, co-expression of LOXL2 interfered with this induction in both cell lines (Supplementary Fig S9) , suggesting that LOXL2 could also interfere with p53-mediated transcriptional activation of NOTCH1.
Finally, since LOXL2 has been recently attributed a novel role as a histone-modifying enzyme catalyzing deamination of trimethylated lysine 4 in histone H3 (H3K4me3) promoting gene silencing (Herranz et al, 2012) , we decided to investigate the relevance of this particular mechanism in the context of NOTCH1 transcriptional regulation. ChIP analysis showed a significant decrease in H3K4me3 level at the NOTCH1 proximal promoter region which strongly correlates with a clear reduction of RNA polymerase II binding when LOXL2 is overexpressed (Fig 8D and E ). In contrast, H3K4me3 level at the À1,600/À1,327 region was unaltered by LOXL2 expression and RNA polymerase II recruitment could not be detected (Fig 8D and E) , suggesting that LOXL2 binding to this region regulates NOTCH1 expression by a distinct mechanism that remains to be elucidated. Considering all the above evidence, we conclude that the tumorprone role played by Loxl2 in skin carcinogenesis depends on its ability to negatively modulate epidermal differentiation by repressing the NOTCH1 promoter activity and thus decreasing the steady state level of the Notch1 signaling pathway.
Negative correlation between LOXL2 and Notch1 pathway in human SCC
We next analyzed whether the Loxl2 negative regulation of the Notch1 pathway characterized in the mouse skin tumors is relevant for human tumors. To this end, we first analyzed HNSCC and cervical SCC because (i) of our previous identification of LOXL2 as a prognostic marker in laryngeal SCC (Peinado et al, 2008) and (ii) the mouse skin carcinogenesis model faithfully reproduces the pathology of SCC from stratified epithelia (Yuspa, 1994; Raimondi et al, 2009; Glick, 2012) . For the correlation analysis of LOXL2 and canonical Notch1 pathway, we have used the available TCGA data (http://www.cbioportal.org/public-portal/index.do) from HNSCC (n = 279) and endocervical adenocarcinomas (n = 185) (Fig 9) . We studied the correlation between expression data of selected genes (HES1, NOTCH1, JAG1, HEY1, LOXL2) according to the values obtained from the RNAseq study using a 2.0 of z-score threshold. In the case of HNSCC, a total of 25.1% of samples (70 carcinomas) showed overexpression in some of the selected genes (LOXL2: 3%, JAG1: 6%, NOTCH1: 7%, HES1: 9%, HEY1: 5%) (Fig 9A) . A similar ratio of overexpression in those selected genes was found in cervical SCC and endocervical adenocarcinomas (24%, 44 cases) (LOXL2: 4%, JAG1: 7%, NOTCH1: 6%, HES1: 5%, HEY1: 4%) (Fig 9C) . In order to analyze the co-occurrence tendency among these genes, a mutual exclusivity study using the cBioPortal tool was performed (Fig 9B and D) . When gene expression was evaluated in a pair-way fashion, a P-value was obtained which refers to the association tendency. Non-relation between LOXL2 mRNA levels and those of any member of the canonical Notch1 pathway analyzed was observed in both series of tumors. In fact, the expression level of LOXL2 in comparison with NOTCH1, JAG1 and HEY1 shows mutual exclusivity, reinforcing the negative impact of LOXL2 on the Notch1 signaling pathway in human tumors. A NOTCH1 promoter activity assays performed in HEK293T cells using full-length (À2472pGL4; left panel) and minimal functional (À392pGL4; middle panel) promoter regions in the presence of pcDNA3 control (200 ng) and increasing amounts of human LOXL2. NOTCH1 promoter activity was also measured using À2472pGL4 promoter region (right panel) in the presence of human LOX and LOXL3 (100 ng). Results are the average of at least three different experiments performed on triplicate samples. B Chromatin immunoprecipitation (ChIP) assays in HEK293T cells transiently expressing LOXL2-Flag for binding to endogenous NOTCH1 (upper panels) and E-cadherin (CDH1) (lower panels) promoters in distal and proximal regions. Negative control with rabbit IgG (Ip: Ig) and positive input non-immunoprecipitated fractions are included. Positions of primers for amplification and E-boxes (gray) in both promoters are indicated. Transcription start site (TSS) for both genes and ATG initiating codon in NOTCH1 are also represented (Lambertini et al, 2010) . Results show one representative experiment out of three performed for each condition and gene. C Left: NOTCH1 promoter activity assays performed in HEK293T cells using À392pGL4 promoter region in the presence of pcDNA3 control (200 ng), human LOXL2 or KLF4 (100 ng pcDNA3 + 100 ng plasmid of interest), and combined expression of LOXL2 and KLF4 (100 ng of each). Results show the average of three different experiments performed on triplicate samples. Right: coimmunoprecipitation assays in HEK293T cells transiently transfected with KLF4-HA and LOXL2-FLAG. Cell extracts were immunoprecipitated with anti-FLAG and analyzed with anti-HA for detecting interaction between LOXL2 and KLF4 (upper panel). As a positive control of immunoprecipitation, membranes were also incubated with specific LOXL2 antibody (middle upper panel). Lower panels show input levels of the indicated proteins. D, E ChIP assay for the detection of endogenous H3K4me3 levels (D) and binding of RNA polymerase II (E) in the indicated regions of the NOTCH1 promoter in HEK293T cells transiently expressing LOXL2 or pcDNA3 as a control. All ChIP samples were examined in parallel by PCR amplification of a negative control region (see Supplementary Table S4 ). Results are expressed as fold enrichment for each indicated binding site relative to the negative control region. The average of two experimental triplicates is shown.
Data information: *P < 0.05; **0.001 < P < 0.005; ***P < 0.001 (Student's t-test; unpaired, 2-tailed). Error bars represent standard error.
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Discussion
During the last few years, accumulated evidence has supported a complex and pleiotropic role for proteins of the LOX family. Apart from their classical and widely reported function as ECM remodeling factors (Csiszar, 2001; Lucero & Kagan, 2006) , emerging data have demonstrated the involvement of lysyl oxidases in a plethora of intracellular and extracellular processes (Barker et al, 2012; Cano et al, 2012) . Generation of loss-of-function mouse models for Lox and Loxl1 has shed some light on tissue-specific functions of these two LOX family members. The prototypic Lox plays a key role in the cardiovascular system (Maki et al, 2002; Hornstra et al, 2003) , and Loxl1 was shown to be critical during the elastogenesis process (Liu et al, 2004) . However, in vivo data concerning other members of the LOX family remain unexplored although similar multifunctional actions have been described, in particular for LOXL2 (Cano et al, 2012) . Therefore, we generated deletion and overexpression mice for Loxl2 by conventional gene-targeting techniques to investigate the in vivo consequences of Loxl2 deregulation in normal tissue homeostasis and in response to a carcinogenic insult. According to our results, most of the tissues properly tolerate defective or excessive amounts of Loxl2. Just heart and male reproductive compartments were more prominently sensitized to Loxl2 perturbations, but not in a complementary fashion. While Loxl2 abrogation produces severe cardiac defects in 25% of the affected KO animals, hearts of overexpression mice are unaffected by its overproduction. In this sense, we show that complete depletion of Loxl2 in heart associates with a significant reduction of FAK and Src expression levels whose downregulation has been shown to severely affect ventricular septal formation at late embryonic developmental stages but with incomplete penetrance (Peng et al, 2008) . Moreover, the recent characterization of the helicase-like transcription factor (Hltf) KO mice revealed partial perinatal lethality of Hltf-deleted animals due to a defective collagen biogenesis in the cardiac tissue that strongly correlated with a significant reduction of Loxl2 levels (Helmer et al, 2013) . All these data allow us to attribute to Loxl2 a relevant role during cardiac morphogenesis that we are currently investigating in more detail.
In a similar way, male sterility detected in overexpressing R26 L2/L2 mice does not correlate with any functional abnormality observed in the gonads of KO males. Regarding this phenotype, it is worth remarking that downregulation of different components of the junctional machinery found in Loxl2-overexpressing epididymis, such as claudin-1 and E-cadherin, constitutes the first in vivo evidence that validates Loxl2 involvement in the control of the intercellular adhesion and differentiation processes in defined tissue contexts.
On the other hand, aberrant expression of different LOX family members, including LOXL2, has been reported in several fibrotic and cancer diseases (Barker et al, 2012) . In this sense, the epididymal alterations observed in the R26 L2/L2 mice associated to a fibrotic phenotype provide the first in vivo genetic proof for Loxl2 contribution to fibrosis, probably due to the increased expression levels of extracellular Loxl2. The finding that other tissues are apparently refractory to the Loxl2-mediated fibrotic induction might suggest that further increased levels of Loxl2 can be required and/or that additional environmental cues need to simultaneously occur to promote a fibrotic response in less sensitive tissues. The genetic Loxl2 models here described can provide excellent tools to further investigate pathological fibrosis in different experimental settings. Regarding cancer, several LOX members are highly expressed in invasive tumors and closely associated with metastasis and poor patient outcome (Barker et al, 2012; Cano et al, 2012) . Nevertheless, in some particular neoplasias, like HNSCC, both upregulation and reduced expression of LOX and LOXL2 have been described (Rost et al, 2003; Peinado et al, 2008) . To obtain insights into the in vivo role played by LOXL2 in SCC, we subjected our Loxl2 gainand loss-of-function mouse models to the classical DMBA/TPA protocol. The results presented herein clearly demonstrate a tumor prone role for Loxl2 during epidermal carcinogenesis being important for both tumor initiation and malignant progression. Importantly, intracellular Loxl2 was mainly detected in papillomas and SCC of Loxl2-expressing mice, additionally validating the prognostic value of intracellular LOXL2 we previously reported in human larynx SCC (Peinado et al, 2008) . Noteworthy, Loxl2 abrogation in mice induced increased expression of epidermal differentiation markers within papilloma lesions, extending the proposed inhibitory role of Loxl2 during the keratinization process in normal epidermis (Peinado et al, 2008; Lugassy et al, 2012) to a pathological context. Moreover, the upregulation of the Notch1 signaling pathway detected in papillomas derived from L2 À/À mice, and the reverse scenario found in R26 L2/L2 lesions, strongly supports a LOXL2-mediated action on this key-signaling pathway for epidermal differentiation (Lefort et al, 2007) during premalignant keratinocyte differentiation, thus impeding the maintenance of the differentiation status. Concordant with these results, silencing of Loxl2 in HaCa4 SCC cell line (Peinado et al, 2005 (Peinado et al, , 2008 confirmed the ability of Loxl2 to negatively modulate epidermal differentiation and the Notch1 signaling pathway in a more aggressive tumor context. Interestingly, no alterations in the expression of p53, an established transcriptional inducer of Notch1 (Lefort et al, 2007; Yugawa et al, 2007; Guinea-Viniegra et al, 2012) , have been found in papillomas developed by Loxl2 KO or overexpressing mice. However, the reduced expression levels of p21 detected in Loxl2-overexpressing lesions indicate an alteration, at some extent, of p53 transcriptional activity. In this line of evidence, promoter activity assays indicate that Loxl2 interferes with p53-dependent upregulation of Notch1.
Therefore, our findings demonstrate that Loxl2 is a novel negative transcriptional modulator of the Notch1 pathway in skin tumor context, which could be acting independently of other previously identified regulators that impinge on the p53-Notch1 regulatory axis, by downregulating p53 at transcriptional or post-transcriptional levels (Kolev et al, 2008; Dotto, 2009; Guinea-Viniegra et al, 2012) . Remarkably, Loxl2-mediated downregulation of the Notch1 pathway turned out to be specific for this particular member of the LOX family, since other related proteins, such as LOX and LOXL3, failed to induce repression of the full-length NOTCH1 promoter. Confirming these data, abrogation of Loxl2 in mouse papillomas is able to increase Notch1 mRNA levels despite the concomitant induction of Lox and Loxl3.
Importantly, LOXL2 binds to the NOTCH1 promoter, at least, in two different regions that, in the case of the most proximal sequence to the TSS (transcription start site), might be mediated by KLF4 according to its capacity to interact with LOXL2 in co-immunoprecipitation experiments and the synergistic effect observed in the repression of the NOTCH1 promoter activity assays. Interestingly,
The EMBO Journal overexpression of KLF4 has been reported during progression of skin SCC reinforcing the present connection with LOXL2. Although further experimental approaches are required, we propose that KLF4/LOXL2-mediated repression of NOTCH1 gene expression might be caused, at least in part, by the LOXL2-dependent deamination of the H3K4me3 which finally results in a reduced binding of RNA polymerase II. This novel role of LOXL2 can open new avenues to deepen into its potential regulation of Notch1 during normal skin differentiation and development.
On the other hand, the altered inflammatory response and expression of S100A9/S100A8 cytokines occurring in papilloma lesions depending on the Loxl2 levels provide additional support to a LOXL2/Notch1 regulatory axis to control SCC tumor progression, also in agreement with previous data on the negative regulation of inflammation by Notch1 in skin diseases (Dumortier et al, 2010) . These data, together with our recent observations of Loxl2 upregulation of S100A9/S100A8 and other cytokines in syngeneic models of mouse breast carcinomas (Canesin et al, 2015) , provide strong support for a major role of LOXL2 in the regulation of a pro-tumoral inflammatory response. In agreement with this, given the ubiquitous deletion and overexpression of Loxl2, we cannot discard that this protein could control Notch1 signaling also in dermal cells, where this pathway plays an important role in the control of skin tumor formation (Hu et al, 2012) . Importantly, the expression of LOXL2 and members of the canonical Notch1 signaling pathway in human HNSCC and cervical SCC shows a mutual exclusive pattern further supporting the negative regulation of LOXL2 of this key pathway in human tumor contexts of SCC. Our present data, together with the significant finding that Loxl2 is not essentially required for normal epidermal homeostasis, open new therapeutics opportunities for the treatment of LOXL2-overexpressing SCC tumors.
In sum, this is the first comprehensive in vivo approach performed to systematically study the role of LOXl2 in tissue homeostasis and tumorigenesis, demonstrating the active role of Loxl2 in cardiac morphogenesis, epididymis dysfunction and mouse skin carcinogenesis. The great effort dedicated to the design of lysyl oxidase inhibitors during the last years (Barker et al, 2012) makes our Loxl2 mouse models highly valuable tools to test and challenge the anticipated results of a future LOXL2-based therapy and provide suitable pre-clinical model systems to evaluate the efficiency and specificity of these drugs. We suggest that targeting LOXL2, although not sufficient to achieve a complete tumor regression, could be successfully combined with epidermal differentiation inducers such as those impinging on the NOTCH1 pathway, such as EGFR or TACE inhibitors (Kolev et al, 2008; Guinea-Viniegra et al, 2012) , to collectively improve therapeutic responses of SCC.
Materials and Methods
Mice
All mouse studies were conducted in accordance with protocols approved by the Use Committee for Animal Care from the Universidad Autónoma de Madrid (UAM) (Re# CEI-25-587). We generated by gene-targeting technique, mouse models of both gain-and lossof-function where Loxl2 expression was elevated (overexpressing mice) or endogenously abrogated (knock-out mice) (see general schemes in Fig 1) . For Loxl2 depletion, a gene-targeting vector comprising exon two (containing the translation start site) and a downstream neomycin cassette, flanked by loxP and frt sites, respectively, was generated. In the case of the overexpressing mutant, a single copy of the Loxl2 cDNA followed by the GFP reporter gene was inserted downstream to a loxP-flanked neo-STOP cassette by homologous recombination into the ROSA26 (R26) locus (Nyabi et al, 2009) . By this way, transcription of the exogenous Loxl2 cDNA is under the control of R26 promoter allowing a reproducible and stable overexpression of the transgene. Both gene-targeting constructs were electroporated into ES cells, and positive clones were screened by diagnostic PCR. Microinjection of the recombinant clones led to the generation of chimeric animals, and those able to transmit the desired recombination event were used to establish different conditional transgenic strains. To analyze the in vivo consequences of ubiquitous Loxl2 deletion, conditional KO animals were crossed with the CMV-Cre strain in order to obtain a constitutive Loxl2 À allele. Germline Loxl2 KO (L2
) animals were generated by intercrossing heterozygous mice. Regarding Loxl2 overexpression mutants, homozygous R26 L2/L2 was obtained from conditional progenitors as described for KO mice.
Targeting vectors
For the generation of KO mice, targeting construction was ordered to Gene Bridges Company. In the case of Loxl2-overexpressing mice, homologous recombination vector was generated following the Gateway â cloning DNA technology. Briefly, for the Gateway LR reaction, 100 ng of the pEntry plasmid harboring Loxl2 cDNA and 150 ng pROSA26-DV (Nyabi et al, 2009) in the LR Clonase II mix were left overnight at RT. After in vitro recombination, LR mixture was electroporated into DH5a strain. Bacteria containing the pROSA26-based expression clones were propagated at 28°C in 300 ll of LB medium without antibiotics for 90 min shaking and plated out on LB-AMP agar plates also grown at 28°C. Subsequent bacterial expansion was also performed at 28°C to avoid recombination. Twenty to 50 colonies were typically obtained, and analysis of 10 colonies by enzymatic restriction yielded 7-10 correctly recombined clones. Correct clones were sequence-verified using the S1for (ATCATGTCT GGATCCCCATC) and S2rev (GGGGCGGAATTCGATATCAAG) primers.
To confirm correct sequence of the Loxl2 insert of pROSA26-derived expression clones, sequence verification was carried out.
Diagnostic PCR and genotyping
PCR-based screening of targeted conditional R26-Loxl2 and Loxl2 KO ES cell clones were performed using external and internal primers in both 5 0 and 3 0 recombinant regions. Diagnostic PCR fragments were obtained using Takara LA Taq hot Start Version enzyme. Primers for conventional PCR genotyping are described in Fig 1 and Supplementary Table S1 .
qRT-PCR
Total RNA from papillomas was extracted by homogenization with TRIzol reagent (Invitrogen) followed by phenol-chloroform extraction protocol. cDNA synthesis (Superscript II RNase H reverse
The EMBO Journal LOXL2 regulates SCC fitness and tissue homeostasis Alberto Martin et al transcriptase; Invitrogen) was prepared starting from equal amounts of RNA. Quantitative real-time PCR was performed with Iq5 Bio-Rad Multicolor Real-Time PCR Detection System and the associated software (iQ5 Optical System Software), using the manufacturer's recommended conditions. Each reaction was performed in biological triplicates with 20 ng of cDNA by using SYBR Green reagent (Quanta Biosciences). Values were normalized to actin levels (primer pairs are listed in Supplementary Table S2 ).
Western blots
Tissue samples and cell pellets were processed as previously described (Moreno-Bueno et al, 2011) . Primary antibodies are listed in Supplementary Table S3 .
Immunofluorescence
Tissues were embedded in optimal cutting temperature compound (OCT; Tissue-Tek) and frozen on dry ice. For epidermal differentiation marker analyses, 5-lm frozen tissue sections were fixed in methanol and acetone (À20°C, 4 and 2 min, respectively) and blocked with EnVision FLEX ANTIBODY DILUENT (Dako) for 45 min at 37°C. Subsequent incubations with primary and secondary antibodies were performed during 1 h at 37°C. In the case of Jagged1 and Hes1 staining, immunofluorescence was performed in paraffin-embedded sections and antigen retrieval was carried out in 10 mM Na-citrate pH 6.0, 20 min in autoclave. Primary antibodies were incubated in 3% BSA, 20 mM MgCl 2 , 0.3% Tween-20 and 5% FBS in PBS overnight. Slides were incubated with HRP-conjugated secondary antibodies (Dako) at 1:100 for 90 min RT and developed using the tyramide amplification system (TSA-Plus Cyanine3/Fluorescein System; PerkinElmer). Sections were mounted in Vectashield medium with DAPI (Vector). Stainings were visualized using a LSM710 confocal microscope (Zeiss) and images acquired with the associate image software. For antibody details, see Supplementary Table S3 .
Histology and immunohistochemistry
Tissue samples were collected, fixed in 10% formaldehyde and embedded in paraffin. Five-micrometer sections were stained with hematoxylin and eosin solutions. Immunohistochemical analysis was performed and analyzed as described (Peinado et al, 2008; Moreno-Bueno et al, 2011) . Antibodies used are listed in Supplementary Table S3 .
Picrosirius red staining
Picrosirius red analysis was performed on 5-lm frozen sections of tissue stained with 0.1% picrosirius red (Sigma) and counterstained with Weigert's hematoxylin to reveal fibrillar collagen. Sections were imaged using an Olympus IX81 fluorescence microscope fitted with an analyzer (U-ANT) and polarizer (U-POT; Olympus) oriented parallel and orthogonal to each other.
Acute TPA treatment
Mouse dorsal skins were shaved and treated three times with 12.5 lg of TPA every 2 days during 1 week. Then, mice were euthanized, and the dorsal skins were harvested for histological analysis and immunohistochemical staining.
DMBA-TPA mouse skin carcinogenesis
The two-stage mouse skin carcinogenesis (single 7,12-dimethylbenz (a)anthracene application, followed by twice weekly 12-O-tetradecanoylphorbol-13-acetate applications for 16 weeks) was performed following standard protocols (Quintanilla et al, 1986) . Tumors were collected 28-30 weeks after beginning of treatment and processed for qPCR, histological, immunohistological or immunofluorescence analysis.
Promoter assays
Co-transfections were carried out in the presence of different amounts of human LOXL2, LOX, LOXL3, KLF4 (Addgene), p53 (a gift from Mathias Drosten, Centro Nacional de Investigaciones Oncológicas, Madrid, Spain), SP3 (a gift from Paolo Dotto, Massachusetts General Hospital, MA, USA), SNAIL1, E47 expression vectors, 50-200 ng of the indicated human NOTCH1 promoters (a gift of Paolo Dotto) and 10 ng of pCMV-b-gal as control of transfection efficiency. Total DNA amount was normalized with empty pcDNA3 vector. Luciferase and b-galactosidase activities were measured using the luciferase and b-Glo assay (Promega) and normalized to promoter activity detected in cells transfected with pcDNA3 empty vector. All experiments were performed on triplicate samples.
Chromatin immunoprecipitation (ChIP) assays
ChIP assays were performed in HEK293T cells transiently transfected with human LOXL2-Flag and empty vector, using formaldehyde before sonication, as described (Cuevas et al, 2014) . For detection of interaction between LOXL2 with the endogenous NOTCH1 promoters, anti-Flag M2 affinity gel (Sigma), or unspecific mouse IgG (Jackson ImmunoResearch Laboratories), and Protein G agarose beads (Sigma) were used. ChIP assays for detecting the specific histone methylation marker, H3K4me3, and RNA polymerase II binding to NOTCH1 promoter distal and proximal regions were performed with the corresponding antibodies (see Supplementary Table S3 ) and unspecific rabbit IgG (ImmunoResearch Laboratories). 273-and 184-bp fragments of the human NOTCH1 promoter (from À1,620 to À1,327 and À285 to À101 from the ATG; Lambertini et al, 2010) and 126-and 218-bp fragments of the human CDH1 promoter (À1,460 to À1,334 and À180/ + 38 from the transcription start site; Cuevas et al, 2014) were amplified by PCR or qRT-PCR. Primer pairs are listed in Supplementary Table S4 .
Coimmunoprecipitation
HEK293T cells were lysed 36 h after transfection in 500 ll of IPH buffer (50 mM Tris-HCl [pH 8.0], 200 mM NaCl, 5 mM EDTA, 0.5% NP-40) at 4°C for 30 min and then centrifuged at 16,200 g for 15 min to remove cell debris. 250 lg of lysate was pre-cleared with mouse IgG-agarose beads (Sigma) for 3 h and then subjected to immunoprecipitation with ANTI-FLAG M2 Affinity Gel covalently ª 2015 The Authors The EMBO Journal attached to agarose (Sigma) for 5 h at 4°C. Precipitates were washed four times with IPH buffer (1 ml) and then resuspended in Laemmli buffer for Western blot analysis. Antibodies used are listed in Supplementary Table S3 .
Lentiviral vector infection in HaCa4 cells
Target cells were cultured in 10-cm plates along with recombinant lentivirus encoding for shRNA against Loxl2 (V3LMM_455747; Open Biosystem) (Canesin et al, 2015) and its corresponding control pGIPZ (Open Biosystem) in Ham's F12/DMEM complete medium [10% fetal bovine serum (FBS), 20 mM glutamine and 10 U/ml penicillin and 10 lg/ml streptomycin] containing 8 lg/ml polybrene at 37°C and 5% CO 2 . Stable pool cultures were selected with 3 lg/ml puromycin for 4-5 days after infection.
Statistics
P-values were generated using Student's t-test (unpaired, 2-tailed); a P-value < 0.05 was considered significant. To test association between categorical variables in the Supplementary Fig S2, Supplementary information for this article is available online:
http://emboj.embopress.org
